Gas monitoring is of increasing significance for a broad range of applications in environment and civil infrastructure, climate and energy, health and safety, industry and commerce. Even though there are many gas detection devices and systems available, the increasing needs for better detection technology that not only satisfy the high analytical standards but also meet the additional device requirements (e.g., robust that can survive in the field conditions, low cost, small, smart, more mobile) demand continuous efforts in developing new methods and approaches for gas detection. Ionic Liquids (ILs) have attracted a tremendous interest as potential sensing materials for gas sensor development. Being composed entirely of ions and with a broad structural and functional diversity i.e., bifunctional (organic/inorganic), biphasic (solid/liquid), and biproperty (solvent/electrolyte) materials, they have the complementing attributes and the required variability to allow a systematic design process across many sensing components to enhance sensing capability especially for miniaturized sensor system implementation. The emphasis of this review is to describe molecular design and control of IL interface materials to provide selective and reproducible response and to synergistically integrate IL sensing materials with low cost and low power electrochemical, piezoelectric/QCM and optical transducers to address many gas detection challenges (e.g., sensitivity, selectivity, reproducibility, speed, stability, $cost, sensor miniaturization, and robustness). We further show examples to justify the importance of understanding the mechanisms and principles of physiochemical and electrochemical reactions in ILs and then link those concepts to develop new sensing methods and approaches. By doing this, we hope to stimulate further research towards fundamental understanding of the sensing mechanisms and new sensor system development and integration using simple sensing designs and flexible sensor structures both in terms of scientific operation and user interface that can be miniaturized and interfaced with modern wireless monitoring technologies to achieve specifications heretofore unavailable in the current markets for the next generation of gas sensor applications.
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Introduction
Monitoring the concentrations of different gases and gathering detailed chemical information about local environments is critical for a host of applications, both in industrial world and in our daily lives. [1] [2] [3] [4] Typically, these measurements are needed for monitoring health and safety hazards [5] [6] [7] [8] [9] [10] [11] (e.g., detection of toxic and explosive gases), process controls 12-14 (e.g., industrial combustion processes), environmental monitoring 15, 16 (e.g., automobiles and in-home air quality), or forensics and medical diagnostics [17] [18] [19] (e.g., breath analysis for disease detection). For all these scenarios, in order to have any practical value, the desired chemical information needs to be acquired on-site and real-time without having delays associated with transferring samples to centralized laboratories. Moreover, as continuous monitoring is an essential requirement, the concerns of cost-effectiveness and user-friendliness hinder the use of high-tech analytical instruments (e.g., GC-MS) for such applications. This situation has attracted an appreciable number of research and development activities into the field of gas sensors 3, [20] [21] [22] [23] with demands of reliability and robustness of the proposed systems. As a result of these explorations, many implementable sensors 24 for gases such as CO 2 , O 2 , water vapors, and VOCs are already available. However, these sensors are particularly useful for detections in controlled environments with relatively fewer interfering species. For more diverse and dynamic environments (e.g., an airport security checkpoint with multitude of vapors in the air), we need much more precise and reliable gas sensors in order to meet the always emerging requirements in such complex environments. In context of this distinctively increasing demand for time-efficiently monitoring various gaseous components, the gas sensing market is expanding into a number of areas related to human healthcare and environment, the security and sustainable economy. However, the technology priorities have remained associated with the cost and reliability, which should be the salient features of any prototype development activity. The estimated gas sensing market is $6.3 billion with a 10% growth rate for new technologies. The major share of this market is focused on the development of gas sensing instruments and the new or improved gas sensors as indicated in Figure 1 . A lesser growth rate in existing technologies (i.e., 4%) is representative of the challenges that this market is facing in terms of operation in complex backgrounds, the ability to identify abnormal variations, and most importantly, the stability of the sensing materials.
Moreover, the revenue generated by portable instruments is 70.2% which continue to increase in comparison to fixed ones having revenue of 29.8%. Hence, the motivation of the present research directions is to move towards the sensors which have the potential to offer advantages over existing sensors for volume, cost, compactness, power consumption and responsiveness, and thus have the potential to open up new application areas, displacing existing technologies or creating new markets. The feasibility of displacing existing sensor devices and systems, however, depends on the balance between investment costs and performance or functionality gains.
The Analytical Challenge:
As described earlier, there is a broad diversity in the analytical needs in terms of species and concentrations of the gaseous analytes in different environmental conditions. Our environment is inherently made up of gases which are roughly 78% N 2 , 21% O 2 , and 1% other trace gases including CO 2 . The detection and monitoring of these gases is important for many environmental standardization issues. Additionally, the anthropogenic processes have led to multitude modifications to this natural combination, and the new compositions can have detrimental effects
on the overall quality of the resulting atmosphere. The most important alteration sources for such adverse effects include: i) industrial processes generating toxic gases such as NO x , CO, CO 2 , SO 2 , NH 3 , and phosphene; ii) domestic and household emissions of VOCs, e.g., acetone, benzene, methanol, phenol, methylene chloride, chloroform; iii) greenhouse gases coming both from natural (e.g., wetlands, termites, and the oceans) and human sources (e.g., landfills, particularly in the sensor science because of their diversified nature. We have recently reviewed their overall sensing capabilities as well as their implementation for robust chemical sensor developments. 30 Despite these efforts, we believe that there is a need to comprehensively review the mechanistic understanding of these new materials that can lead to new gas sensing principles and protocols. Thus, this review is covering i) the analytical needs of gas sensing technologies;
ii) gas sensing transducers and protocols when IL is used as a component for sensing; iii) the sensing mechanisms based on IL materials with particular emphasis on methodologies that provide selective and reproducible response without the use of arrays; and iv) finally commenting on orthogonal sensing based on the multi-transducers with multiple response mechanisms. With this discussion of the subject matter, the goal is to stimulate the research that can link the principles and mechanisms of sensing using ILs. Essentially, the approach should be the proper combination of sensor components (i.e., sensing material, transducer, and signal generation/processing). Furthermore, the sensing criteria have to be carefully devised to include target concentration ranges, interferences, physical parameters, and sensor reliability. Another goal is to highlight the achievements in the field, to demonstrate possible applications, and to critically analyze the non-satisfactory performance and possible solutions.
Gas Sensing Attributes of Ionic Liquids
ILs have several attributes that makes them desirable for gas sensing applications. As shown in Figure 2 , most ILs have organic cations (e.g., imidazolium, pyridinium, pyrrolidinium, phosphonium, ammonium) whereas the anions could be inorganic (e.g., Cl − , PF 6 . Thus, they can be considered as bifunctional materials, in which both their organic and inorganic attributes can be exploited for the new sensor designs. The relatively large size of one or both ions, and low symmetry account for many unique properties of IL materials. 31 For instance, ILs have negligible vapor pressures, wide potential windows, high thermal stabilities and high viscosities. These characteristics make them stable materials for sensor design. Though, they are liquid at room temperature, yet their high viscosities enable them to be casted on solid supports to form thin, reproducible films making them behave as solid polymer like matrices. Therefore, they can be considered as biphasic materials, i.e., solid/liquid. Moreover, they show good conductivity which is desirable for the electrochemical processes and they have high solubility for a broad range of gases and
VOCs allowing many solvating interactions of the target molecules to provide both sensitivity and selectivity. Thus, they are biproperty materials as well, acting as electrolytes and solvents at the same time. Due to such duality in phase and functions, there is a tremendous opportunity to design orthogonal sensors by integrating multimodal transduction mechanisms (e.g., Electrochemical Quartz Crystal Microbalance (EQCM) and opto-electrochemical sensors) to provide enhanced reliability and internal validations of the detection outcome. The remarkable dissolution properties for organic and inorganic substances enable analyte pre-concentration and sensitivity enhancement for the detections whereas the molecular non-covalent interactions between ILs and the analytes contribute in increasing reversibility. All these properties (e.g., melting point, dielectric constant, viscosity, polarity, water miscibility) can be further tailored by combining different cations with suitable anions. Furthermore, their miscibility with other solvents can also be controlled by the variation of cations and anions. These characteristics, thus, make them novel solvents and electrolytes, holding a great promise in many studies of gas sensing.
The use of ILs in different analytical applications is, however, determined by their intrinsic properties as well as the environmental circumstances of the targeted application. Water interference is most important of these environmental factors 32 that can drastically alter the physicochemical properties (e.g., viscosity, conductivity, and diffusivity) of ILs, consequently affecting sensor responses. It has been shown that an increased water content of IL leads to a decrease in viscosity. 33, 34 Viscosity values are related to conductivity since a decrease in viscosity enhances the mass transport of analyte to the electrode surface. 35 A decrease in viscosity and subsequent increase in conductivity may appear to be advantageous. However, an increase in water content results in narrowing the electrochemical window of an IL. 32, 34 The narrowing of the electrochemical window occurs for both the cathodic and anodic limits which is likely due to water electrolysis. 36 With this perspective, studies have been carried out to examine which ILs have the greatest water uptake and hydrophobic anions that are immiscible with water have been identified. 37 By selection of these hydrophobic IL coatings, the potential interference of water can be avoided. For the electrochemical processes, proton donation from water could modify the redox mechanisms (e.g., O 2 to superoxide) and affect the peak currents and the peak positions. Selecting those redox processes for quantification where protons have no influence will be simplest to address water interference. Furthermore, the interplay between water and redox analytes can be used to calibrate the water interference. Alternatively, the trace amounts of water present in ILs enables some beneficial aqueous redox reactions of some gaseous analytes to occur at controlled rates which are being explored in our lab to develop new IL based gas sensors. In this way, water is transforming from its status of interfering species to a valuable reactant, and thus IL based gas sensing is moving towards the goal of real world sensing. One important feature of ILs is that the combinations of a variety of cations and anions provide an enormous number of ILs along with the possibility of facile custom synthesis. It is estimated that there could be up to 10 18 ILs available. 38 Thus there is a large pool of possible ILs, from which ILs can be designed or selected for specific applications. Additionally, ILs are excellent solvents allowing them to be incorporated into conventional gas sensing matrixes, such as polymers, biopolymers, sol-gels, carbon nano-tubes (CNTs), metal nanoparticles, [39] [40] [41] to form stable composite materials. These composite materials amalgamate multifunctional properties of both constituents involved in preparing the composites. For example, an IL/CNT based composite, with highly electro-active nano-tubes and liquid electrolyte can be utilized for a wide variety of electrochemical gas sensing applications. 
Gas Sensor Designs and Developments
A gas sensor is defined as a miniaturized analytical device that can quantitatively determine the concentration of a family of gases or a specific gas in a given environment. The sensor typically relies on one or more sensing mechanisms to produce a signal that detects the presence and/or concentration of the target gas. The sensor system typically refers to the device that integrates the sensor detection with associated electronics and readout devices (e.g., transducers) allowing user to directly obtain the information on the analyte. As depicted in Figure 3 , a typical gas sensor is comprised of three major components, i) a transducer that converts the presence of a gas analyte to some form of readable signal; ii) a sensing film which is usually deposited onto the transducer allowing the detection and quantification of the gas analyte through a specific interaction mechanism; and iii) signal processors and readout devices (e.g., data acquisition, lodging, & processing unit) that can convert the sensor's raw signal to usable information. Many amperometric gas sensors also use a permselective membrane in the sensor design. The membrane is located in the closest proximity to the working electrode having the property of being highly permeable to the gas analyte but not to the other interfering electro active species.
Numerous research activities have been devoted to the data processing part of the sensor system. 42, 43 Besides, the engineering aspects of remote sensing 44 and the energy harvesting processes 45, 46 for the automated sensor system also attract significant attention from scientists and engineers. Sensor calibration is another important area of research. But to keep the chemistry focus of this review article, we will concentrate on the first two components, i.e., the transducer and the sensing material with sensing/interaction mechanisms. The transducer can be a separate component or the sensing material by itself can act as the transducer. However, this is the component that has to detect the change in the local micro-environment (at the interface or in the bulk of the sensing film) as a result of change in target concentrations in the macro-environment of the sensor system. Thus, it deserves the central position in the development of any sensor application. On the other hand, the material component of the sensor most often takes up the responsibility of providing required sensitivity, selectivity, speed and reproducibility. Therefore, this area of sensor research has been explored the most. In the following sections, the mechanisms of the use of different transducers (methods) and the designs of different sensing material/interaction mechanisms have been described in particular relation to IL based gas sensing. 
Transducers for IL Based Gas Sensing
ILs' unique bifunctional (organic/inorganic), biphasic (solid/liquid), and biproperty (solvent/electrolyte) nature enables a broad range of sensing transducers being employed for IL based gas sensing. Among them, electrochemical transducers, thickness shear mode (TSM) resonators (i.e., quartz crystal microbalance (QCM)), surface acoustic wave (SAW) resonators, and optical transducers are the most explored. The rationalization behind the choice of transducers is directly related to the distinctive properties of ILs as shown in Figure 4 . The dissolution power, the weaker Van der Waal interactions with the analyte and solid/liquid biphases of ILs are supportive towards the adsorption or dissolution of analytes on/into the ILs thin films and can be utilized for acoustic transducers. The bifunctionality of ILs as solvent/electrolyte leverages the design of membrane free electrochemical sensors. On the other hand, the ease of incorporating task specific functions and solubility for both organic and inorganic compounds enables a wide range of optical sensing approaches to be designed and implemented. The selection and relative performance of the transducers for any particular detection application require the synergistic coupling of the intrinsic properties of the specific transducer (e.g., transducing or response mechanisms) with the chemical and/or physical properties of the sensing material which often determines the sensitivity, stability and dynamic range of response under the variations of detection environment. Finally, the sensor fabrication, sensor manufacturing processes, and readout are also important to be integrated with the overall sensor engineering process.
Electrochemical Transducers
The common electrochemical methods including potentiometry, voltammetry and impedance spectroscopy have all been demonstrated for IL based sensor development. Among them voltammetry based on the measurement of redox current and impedance spectroscopy based on the measurement of the impedance/capacitance at the electrode/electrolyte interface are especially suitable for the IL based gas sensor development. Both methods require the use of the electrolytes. Notably, a majority of the electrochemical gas sensors developed to date employ aqueous-based electrolytes. Another type of electrolyte is the non-aqueous electrolyte (e.g., salts
that could be dissolved in organic solvents such as lithium perchlorate, organic compounds with charged ion center such as tetra-n-butylammonium perchlorate, or polyelectrolytes such as perfluorosulfonate 47, 48 and Nafion ionomers). 49, 50 In contrast to the battery research, such as Li ion battery, which can be designed as a completely closed system, the electrochemical sensor cell cannot be completely sealed and it needs to be accessible to the ambient environment to detect the gaseous molecules. increasing the number of physical sensor elements. However, the challenge is still the same, to achieve better sensing performance parameters, i.e., sensitivity, selectivity, reproducibility, response time, and cost. Among these parameters, the cost is often taken care of by employing the low cost, low power transducers and by miniaturization. Sensitivity and selectivity are extremely important, however, these are mostly dealt with at the material selection and design stage of the development. A significant number of successful sensors in the lab phase fail to be implemented in real world because of the reproducibility issues, and thus, the reproducibility has to be treated as most important parameter in any sensor development. Response time is critical too, in order to have appropriate action in real time. In the following, we will discuss different IL sensing approaches addressing these challenges.
IL Gas Sensing based on Voltammetry
Voltammetry is an electrochemical method that enables qualitative and quantitative information about the analytes to be obtained by the measurement of the current as a function of applied potential. When current is monitored at a fixed potential, the method is often called amperometry. In experiments where IRs may be high, an amperometric gas sensor typically consists of working, reference and counter electrodes connected through an electrolyte (at working electrode the desired redox reaction occurs, counter electrode establishes the current path, and a reference electrode provides a stable reference electrode potential).
A gas-permeable membrane is located proximal to the working electrode. meet the requirements of a specific gas sensor application. Furthermore, for an electrochemical gas sensor to work in real world conditions and for miniaturized electrochemical gas sensor, it will be important to consider the overall reactions in an electrochemical cell and to determine the rate limiting steps for the entire electrochemical cell reactions including counter electrode.
Simplicity of Redox Reactions in ILs for Gas Sensing
The preferred mechanisms for sensing are reversible and simple redox reactions which allow simple sensor designs and enhance the reproducibility of the sensor performance. ILs have been shown to enable many reactions to be simple and reversible, which otherwise were complicated in conventional electrolytes. Oxygen reduction reaction (ORR) is a classical example in this regard and has been studied by many different groups. [58] [59] [60] [61] [62] [63] In ILs, ORR is a one electron 
New Redox Reactions in ILs for Gas Sensing
Although, IL electrolytes provide partial selectivity, the primary selectivity of an IL based voltammetric sensor comes from the redox properties of analyte observed at the interface wherein the electrical current generated by the electron transfer reactions of an analyte at an electrode at a specific potential. 2 It is known that many species have similar redox potentials in aqueous electrolyte and it is difficult to have absolute selectivity for analyte detection using amperometric sensors. The unique properties of ILs enable many new electrode reactions to occur which can be explored to enhance the selectivity of IL based electrochemical sensors. For example, we have shown a unique redox chemistry that occurs only at an IL-electrode interface and can be exploited to enhance sensor performance, especially the sensitivity and selectivity. 64 At a platinum electrode in NTf 2 -based ILs, methane is detected due to electro-oxidation process. . Furthermore, the electro-oxidation of methane produces CO which can be oxidized to CO 2 by superoxide radical when the oxygen reduction is included. The in situ generated CO 2 arising from methane oxidation was shown to provide an excellent internal standard for quantification of the electrochemical oxygen sensor signal. As methane concentration is increased, the oxygen concentration decreases. Thus, the simultaneous quantification of both methane and oxygen in real time strengthens the reliability of the measurements by cross-validation of two co-existing ambient gases within a single sample matrix and allows for the elimination of several types of random and systematic errors in the detection. Thus, in place of a sensor array, a single sensor can be employed for real time measurements. We have also validated this IL-based methane sensor employing both conventional solid macroelectrodes and flexible microfabricated electrodes using single-and double-potential step chronoamperometry with good sensing attributes such as high sensitivity, complete reversibility, long term stability (less than 0.3% potential shift over 90 days), rapid response and strong selectivity (selectivity coefficient ~0.01% for CO 2 , NO, NO 2 , SO 2 ).
In another report, 65 
Multistep Redox Reactions in IL for Gas Sensing
Typically analytes with multi-step redox mechanisms are not desirable for electrochemical sensor development due to the difficulties for quantifications based on more complex sensor methodology. However, the unique redox chemistry in ILs provides new possibility for electrochemical sensor development taking advantage of the redox reactions that have multiple step mechanisms. In such cases, the step that is most reversible is normally chosen for quantification purposes. This strategy, sometimes, can be used to eliminate the interference as well. For instance, an array of four IL-coated glassy carbon electrodes was characterized for the voltammetric detection of dinitrotoluene (DNT) and trinitrotoluene (TNT), and a correlation (with 100% classification accuracy) between the redox properties and the physiochemical parameters of the species involved was revealed ( Fig. 6 ). 66 Here the interference from humidity was eliminated by calibrating with a redox process that does not involve proton, and thus a selective response that is quantitative was obtained. The redox peak based on the redox reaction without the proton transfer thus had the most reversible character providing more accurate quantification. Gas phase analysis showed strong redox signals for TNT and DNT and demonstrated that ILs serve as a pre-concentrator to improve sensitivity of very low vapor pressure analytes. In another report, 67 the electrochemical behavior of highly toxic methylamine gas in several ILs has been investigated on a Pt microelectrode using CV. A broad oxidation wave at approximately 3.0 V, two reduction peaks, and another oxidation peak were observed indicating a complicated mechanism with ammonia as a likely byproduct. The linear plots of oxidation currents vs concentration, however, suggest that methylamine has a high solubility in
ILs, thus generating a possibility to be detected using these media. The electrochemical reaction mechanisms of gases such as CO 2 Figure 7 . Such information about the mechanisms of the reaction is highly beneficial for the development of the amperometric gas sensors. However, the most important consideration in such cases is that the products of the irreversible reaction do not poison the electrode or the electrolyte.
Anomalous Redox Reactions in ILs
Study focusing on understanding the reaction mechanisms and comparing behavior to that in conventional electrolyte systems have shown some notable differences and anomalous behavior in some IL electrolytes. 69 It is extremely important to understand this anomalous behavior in ILs before they can be employed as direct replacements for conventional molecular solvents in sensor devices. Compton's group, 70 for example, has reported the two-electron reduction of 100% with limiting currents observed to decrease with increasing scan rates. This intriguing observation was assigned to a mechanism of adsorption of chlorine gas on the Pt electrode surface. The adsorbed chlorine itself cannot be reduced, but must undergo desorption before the electron transfer step. At slower scan rates with longer time scales, there is more desorption resulting in more surface available to chlorine for electron-transfer reaction, thereby resulting in higher currents at slower scan rates. The large voltammetric currents observed suggest that Cl 2 has a very high solubility (1-10 M) in ILs, making these solvents attractive for the purposes of Cl 2 gas sensor development. The authors did not report the effect of varying concentrations of Cl 2 on the current response, but this seems like the next logical step especially given the unusual adsorption mechanism. If the current scales linearly with concentration, ILs may prove to be a useful medium for robust Cl 2 gas sensing.
In a similar way, some notable differences were observed for the oxidation of toluene diisocyanate (2,4-TDI) in IL which occurred at less anodic potential than that in traditional acetonitrile based electrolytes with no side reactions. 71 In this case, the redox reaction is not that simple and reversible, yet the understanding of redox chemistry, thus revealed, and the carefully chosen measurement conditions allowed the development of a robust amperometric sensor for restricting the potential window to only include the oxidation processes. In this way, this sensor is made capable to avoid the two most ubiquitous interferents of the ambient conditions i.e., humidity and oxygen thereby enhancing the sensor performance and reliability for real world applications. 2,4-TDI detection was performed in both liquid and gas phases with detection limits of 9.32 ppm and 2.65 ppm respectively. These values are comparable to the safety standards set by NIOSH. The sensor so developed has a quick response time with good sensitivity and selectivity, and can be miniaturized for smart sensor protocols.
ILs as Sensitivity Enhancement Component
The distinctive characteristics of analyte redox properties in ILs was also demonstrated as sensitivity enhancing component of the amperometric sensor for the detection of ammonia by Ji et al. 72 They observed that the electrochemical oxidation of ammonia in propylene carbonate was indirect, enabling the measurement of 10-100 ppm by measuring the peak current of the reaction between ammonia and hydroquinone, as a function of ammonia concentration, giving a sensitivity 1.29 x 10 -7 A/ppm and LOD of 5 ppm. On the other hand, the oxidation of ammonia has been shown to be direct in several ILs, suggesting that ammonia is initially oxidized to nitrogen, and protons, which are transferred to an ammonia molecule, forming NH 4 + via the protonation of the anion(s). NH 4 + was then reduced at the electrode surface, forming hydrogen gas, which is then oxidized. In all the ILs studied, the cyclic voltammetry shows a broad oxidative peak, with two cathodic peaks and one anodic peak following the oxidation. The two cathodic peaks were identified as: i) the reduction of the protonated anion(s), and ii) the reduction of NH 4 + . The resultant anodic peak is likely the oxidation of bulk hydrogen. Thus the analytical ability of this work has been established showing that the limit of detection was about ten times better than that in propylene carbonate. Moreover, it is highlighted that ILs not only provide direct redox mechanism for detection, but also appear to enhance sensitivity and other analytical performance parameters by implementing these mechanisms.
Innovations in IL based Electrochemical Gas Sensor Designs
ILs have higher viscosity than most aqueous or non-aqueous electrolytes which can result in slow response time due to the slow mass transport processes in an electrochemical cell. 8A ) with desired wettability of ILs that facilitates diffusional transport through the pores and provides two levels of selectivity. 53 Analytes entering from the back side were able to quickly reach the electrode/electrolyte interface without passing through the IL diffusion barrier, reducing the response time to mere seconds. 53 To further reduce the response time, we designed planar electrode ( has high contact angle on the PTFE membrane so that the pores (typical diameter 10 µm) are slightly wetted by IL but it has low contact angle on Au and wets well on Au, allowing fast transport of gases to the electrode-electrolyte interface. Additionally, the variation of the IL structures can be used to fine tune the sensor sensitivity. Figure 8B shows the current responses for three NTf 2 -based ILs and illustrates a strong dependence of the signals on the choice of cation, for this particular application. High sensitivity, complete reversibility, long term stability (less than 0.3% potential shift over 90 days), rapid response and strong selectivity (selectivity coefficient ~0.01% for CO 2 , NO, NO 2 , SO 2 ) of this IL oxygen sensor were also the benefits for this new sensor design. As discussed in later sections, microelectrodes fabricated on a silicon chip can be another important advancement in circumventing the viscosity effect shown by
Compton's group. 56 The use of small (micron-sized) working electrodes can minimize any iR/Ohmic drop limitations that are often associated with voltammetry in highly resistive ILs on larger electrodes (larger currents). To improve current density and to overcome iR/Ohmic drop at the interface, a common attribute in viscous and resistive ILs, small sized working electrodes and eventually "lab-on-a-chip" type systems are being investigated. 
Innovations in Electrode Designs for IL Gas Sensing
ILs provide new opportunities not only for electrochemical sensor design but also for miniaturization by innovations in electrode geometry and electrode substrate flexibility. Microfabrication technologies, particularly thin film deposition of microelectrodes and formation of micro-fluidic channels, have been widely applied to analytical systems. 75, 76 Electrode arrays, both macro-and micro-scale, are now commonly fabricated using thin film metal deposition and photolithography. 5, [77] [78] [79] For example, Figure 9 shows an interdigited electrode (IDE) fabricated using thin film deposition of both platinum and gold on porous Teflon that were used to obtain the sensor data for the measurement of oxygen concentrations. 64 These miniaturized sensors yield similar sensitivity to results shown before for the oxygen detection. 53 As fabrication of 
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these electrodes relies on photolithography, the size and geometry of the electrode can easily be varied to meet the needs of the sensor interfaces, and different electrode configurations can be utilized within the same array to improve analytical performance.
The IL-based methane sensor discussed earlier was also characterized by these microelecrodes and compared using both conventional solid macroelectrode and flexible planar microfabricated electrode shown in Figure 9A . Both single-and double-potential step chronoamperometry experiments were performed. As shown in Figure 5 , the flexible IDE electrode provided equally quantitative results but with relatively lower sensitivity. This is likely due to the vapor deposited platinum having less catalytic activity than the solid platinum electrode. In both sensor configurations, we were able to obtain reversible signals with long term stability (less than 0.3% potential shift over 90 days), rapid response, and good selectivity (selectivity coefficient ~0.01%
for CO 2 , NO, NO 2 , SO 2 ). 
Impedance Based Gas Sensing Approaches
Although the voltammetric approaches can be used for reproducible sensor developments, but still in many cases, it is not easy to establish a reversible or feasible reaction mechanism for the target analyte detection. The products from the redox reactions often generate changes at electrode interfaces which can reduce the sensor lifetime. Electrochemical impedance spectroscopy (EIS) involves the application of a sinusoidal electrochemical perturbation (potential or current) over a wide range of frequencies, allowing the measurement of impedance , which has double layer structure favoring small gas molecule adsorption, can sensitively and selectively measure concentrations of CH 4 ( Fig. 10 ) using EIS with a -0.3V DC bias. Figure 10 also clearly shows that the sensor returns to its baseline value when the analyte is removed, demonstrating the reaction is fully reversible with less than 0.1% drift. The selectivity comes from the unique highly ordered arrangement of ions in the innermost layer of IL-electrode 
Electrochemical Gas Sensing Approaches Based on Disposable Devices
Even if there is an unavailability of simple and reversible redox reaction, or the mechanism is too complex to identify one quantification parameter, or the reaction products are present which can hinder the reproducible use of the developed sensor, as might be the case with above detailed methods, the IL materials still present an opportunity to design electrochemical gas sensors on disposable platforms due to the possibility of low cost production of ILs at mass scale. Although this opportunity is not usually conceived for solving the above problems, rather, for a more critical need, to implement the electrochemical sensors for much more remote areas and third world countries where the availability of even the simplest technical equipment is scarce and the end users are limited in their experience. Moreover, such sensors can be cost efficient as well by using the inexpensive materials (e.g., paper) in fabrication as shown in Figure 11 . ILs are also stable and relatively low cost when they are being mass produced. One of the first examples in this regard is a sensitive and fast-responding membrane free amperometric gas sensor consisting of a small filter paper foil soaked with an IL, with three electrodes screen printed on it with carbon ink. 21 By carefully controlling the preparation procedure, a very close contact between the IL and the carbon electrode is achieved, allowing gaseous analytes to undergo charge transfer just as soon as they reach the electrode. Thus, the adverse effect on recorded currents of slow steps such as analyte diffusion and dissolution in a solvent is avoided. To evaluate the performance of this device, 1-butanethiol vapors were adopted as the model analyte. The results obtained were quite remarkable for a disposable sensor (detection limit: 0.5 µM; dynamic range: as a whole turned out to be well suited for the rapid assessment of fish spoilage, since during storage the release enhancement for these amines is largely predominant over that of NH 3 . This approach was then applied to the detection of VAs released from real fish samples with a substantially satisfactory agreement of data obtained by routinely adapted approaches. Another step towards the disposable sensors is to utilize commercially available electrodes and sensors which can be cost effective by the batch production technologies. This has been done by printed on a ceramic substrate. The working and counter electrodes were made of deposited gold layer, whereas the reference electrode was made of deposited silver layer. The presented prototype for measurement of benzaldehyde, methyl benzoate and acetophenone in argon atmosphere was characterized by the sensitivity from 71 to 191 nA/ppm, whereas the limit of detection of these analytes was at the level of 1.4-5.7 ppm (v/v). However, these parameters again depended on the analyte measured as well as on the electrolyte employed, confirming the previously obtained results. The developed prototype was also shown to have good reproducible character as the sensor was operated for 2 months yielding relative standard deviation below 8%.
This indicates that even the commercial sensors can be employed for obtaining an enhanced performance if stable and reproducible redox chemistry has been identified and IL materials are utilized. In order to do the mass production of such sensors, a simple approach of inkjet printing of gold nanoparticle (GNP) patterns with the self-catalytic growth of these patterns into conducting layers on cellulose membranes has been introduced 73 and presented for electrochemical sensing of oxygen using IL electrolytes. By using this approach, hundreds of self-designed gold arrays can be fabricated in hours using an inexpensive inkjet printer. The resulting paper-based gold electrode arrays had several unique properties as thin-film sensor platforms. The porous nature of these new electrodes also allowed the addition of electrolytes and analytes from the back side of cellulose membrane and controllably produced large threephase electrolyte/electrode/gas interfaces at the front side of the electrode. The sensor looked like a piece of paper but possessed high sensitivity for O 2 in a linear range from 0.054 to 0.177 v/v %, along with a low detection limit of 0.0075% and a short response time of less than 10 s, foreseeing its promising applications in developing cost-effective and environment friendly paper based electrochemical gas sensors.
IL Modified Electrodes
Although, the use of ILs as electrolytes and solvents can be performance enhancing factor for the electrochemical gas sensors development based on voltammetric and impedance readout in terms of selectivity and reproducibility, yet another new direction in using the IL materials as sensing interfaces is by employing them as a component for developing modified electrodes, and in many innovative ways to produce good responses for analyte detection in real-world samples. The major outcome in all these cases, however, is the reversibility of gas sensing as the mechanism is absorption based and is mostly relying on weaker chemical interactions. The sensitivity and selectivity, on the other hand, has to be achieved by selection, or design of ILs, or by using the combinations of them in the form of sensor arrays.
Dai and co-workers 89 first developed a sensor for organic vapors based on QCM using ILs as sensing materials. When analytes were dissolved in an IL, the viscosity of this IL changed rapidly which generated a frequency shift of the QCM device. The response of the QCM depended on the nature of both the analyte and the IL. Some of these ILs also have strong affinities for selected chemical species. Sensor arrays comprising multiple of these sensors, each with a different IL coating, thus can not only detect target analytes but also help identify chemical speciation. In most of these cases, ILs are solely used as sensing films which interact with target analytes through ion and dipole forces, hydrogen bonding, and van der Waals interactions on various time and space scales. All these interactions depend upon variations in ionic composition and structure of ILs, thereby generating a criterion for selective incorporation and interaction of analytes. In addition, great solvation ability of ILs enables the rapid and reversible incorporation of gases, as shown in the work done by our group for detecting different explosive gases. 7 We have also shown that the very different solubilities of ILs for specific reactant gases creates a membrane-like selectively to enhance or suppress (pre-concentrate) transport of specific reactants and provided a mechanism for selectivity. 53 Using this principle,
we have successfully classified four volatile organic compounds (benzene, hexane, methylene chloride and ethanol) via seven IL film-based mass sensors, where the unique selectivity of the ILs results from strong hydrogen bond basicity and significant capacity for dipole-type interactions with the analyte. 22, 90 A similar strategy was implemented for the detection of organic acid vapors using [C 4 mim][C1] coated on QCM. 91 The experimental results indicated that the sensor showed fast response, excellent sensitivity and good reproducibility towards organic acids. There was a good linear relationship between the frequency response and the testing concentration of these organic acid vapors.
Expanding this approach to real life applications, an array of quartz crystals coated with seven different ILs is proposed for the analysis of flavors by QCM measurements. 92 The selected ILs were all containing imidazolium or phosphonium cations, differing from one another in the 
High Temperature Mass Sensing via ILs
ILs possess high thermal stability. 93 Figure 13 . As expected thermodynamically, the sensor signal decreased with increasing temperature, but still, a 5% detection limit was achieved, which is encouraging because most solid surfaces are unable to adsorb vapors at temperatures that much higher than their boiling points. Additionally, there was an excellent reversibility for adsorption-desorption processes, requiring no experimental manipulation for sensor recycling. The data for the damping resistance showed that physiochemical parameters such as Henry's constant can be more accurately 
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determined at higher temperatures because of the lowered viscosity of the ILs. In another study, 95 the gel beads containing ionic liquid were prepared by suspension polymerization with diameters of 100-2000 µm and were applied as hydrogen sensing materials. The sensor utilizing this material has nice flexibility and high heat endurance. The weight and shape of gel beads were maintained not only in high temperature condition but also under vacuuming condition. The resulting hydrogen micro sensor was able to detect 2% hydrogen concentration. It has high grade gas selectivity and can detect hydrogen gas in the range of explosion limit. These results indicate that IL materials can be employed for detection in harsh, otherwise unmanageable environments. 
IL Composites for Mass Sensing Approach
For IL based mass sensors, to minimize the bulk properties (e.g., viscoelastic property) change generated signals, the sensing films on the electrodes have to be thin which are usually formed by employing the methods of electrode modification. The effectiveness of most thin film based sensors relies on high sensitivity and specificity of the detection interface. The obvious approach to increase the sensitivity of QCM sensors is to increase the thickness/amount of the sensing material. Pure ILs inherently possess certain limitations in this regard, especially for low molecular weight analytes, where sensitivity enhancement by thicker IL films can substantially influence the reproducibility through temperature-controlled variations in IL-layer thickness and the spreading out effects. Non-rigidity of thicker films makes the Sauerbrey's equation invalid in addition to slower responses, requiring a strategy to achieve higher IL-loading while maintaining the IL-film integrity. Thin films made from ILs would perform well as sensor interfaces and provide additional control over selectivity and sensitivity when interacting with analytes in gas phase. Most organic solvents or vapors are soluble in ILs. Therefore, the partition process will reach equilibrium very fast after the sensor is exposed to the vapors. For these situations, IL composite films are usually employed. Several approaches have been developed for fabricating IL-composite sensing films. In one such example, ILs are trapped as nanodroplets into the cylindrical cavities of solid alumina matrix, thus avoiding liquid wetting and softness. 96 Although, this matrix can hold more IL than planar gold surface, yet the detection limits were not low enough for selected analytes. Contrarily, conducting polymers (CPs) and polyelectrolytes have charges, which make them ideal template materials to make IL-composite films. The proof of the concept was provided with the example of methane, 6 a highly inflammable gas with very low molecular weight, and hence an evidential candidate for higher sensitivity in mass sensing devices requiring abundant total absorption/partition into the films.
An ideal template for this purpose should be a porous and stable scaffold that can be modified to Besides this, many useful approaches are available for IL-composite formation both for their use in QCM sensors, as was the case with electrochemical sensing applications. The most widely used techniques include direct mixing, casting, physical adsorption, electrodeposition, layer-bylayer assemblies, and sol-gel encapsulation. Physical adsorption of the IL onto a solid support is most often used to prepare the sensing films, which is based on binding forces including ionic interactions, hydrogen bonds, van der Waals forces, hydrophobic interactions, and so on.
However, the more sophisticated methods for this immobilization are electrodeposition, sol-gel encapsulation, and layer by layer assembly. In electrodeposition, a clean electrode is immersed in a bathing solution containing the supporting electroactive material and corresponding IL which are then electrochemically deposited onto the electrodes. 98, 99 Electrodeposition of metal nanoparticles onto IL/CNT is another well studied technique to prepare AuNP/IL/CNT nanocomposite based sensors. 100 In sol-gel encapsulation, an IL-silica sol is synthesized which is then mixed with different types of interesting molecules to form the films 101 whereas in layer-bylayer method, a sequential deposition of multiple layers is achieved, 102 one being the IL and the other one that is supporting material, onto the electrode surface by electrostatic, van der Waals, hydrogen bonding, and charge transfer interactions. From all these approaches, benefits and weaknesses can be identified for any of them; however, the selection is highly related to the particular application in which the approach is going to be implemented.
IL Based Optical Approaches for Gas Sensing
Although, the solvation capability of IL films play the role of interaction with the target analytes both in the electrochemical and mass sensing formats, thereby having a partition coefficient and defining the sensitivity and selectivity of the resulting sensor, yet their roles as solvating species can be best described from the examples of optical sensing. Here, ILs allow many important optical substances to be dissolved to form stabilized optical matrices. 103, 104, 105, 106 Optical sensing mechanism probably has the highest face value for the commercial sensing as most of the times, it involves the change in some color patterns (readable by the end user without technical knowledge) after the interaction of the target with the sensing film, though, there are many sensor developments where the change in the color pattern is so minute or complex to be detected visibly, or the change involves some non-visible part of the electromagnetic spectrum thereby requiring analytical tools/instruments for detection and further analysis. Moreover, the use of ILs provides even more stability to the resulting optical matrix thereby enhancing the reliability and reproducibility of the sensing.
IL Matrices and Composites for Optical Gas Sensing
The with remarkable outcomes in terms of sensing capabilities (e.g., ppb level detection). 
IL Structural Diversity for Optical Sensing Approach
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IL diversity in terms of anion and cation combinations has been able to provide further selectivity in the optical protocols as well. Only by the simple counter-ion exchange of ILs, a rapid, facile, and efficient strategy was developed to create a cross-reactive sensor array with a dynamic tunable feature, 114 
Innovative IL Chemistries for Optical Detection
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A unique contribution that IL materials have provided to the sensor science is new and innovative chemistries of the reactions which are due to their biphasic nature and inorganic/organic characteristics. These new chemistries are not letting themselves behind in the development of new optical detection technologies. The most important and most comprehensively studied of these is the stability of superoxide radical in ILs. The same basic principle has been utilized to develop a CO 2 gas sensor. 116 It has been shown that in the absence of stable superoxide in a conventional system, the oxygen-luminol reaction was unable to produce the ECL signal in an electrolyte-free N,N-dimethylformamide (DMF) dipropylamine (DPA) co-solution. However, when CO 2 was introduced in the system, it induced the formation of carbamate IL by reacting with DPA. Because of the presence of this IL in the system, the superoxide radical become stable thereby generating an ECL signal from luminol. This system was used as a sensing mechanism for CO 2 demonstrating nice performance parameters such as high safety, high selectivity, wide linear response range, and good sensitivity. ILs not only provided the enhanced long-term stabilities in this system but also facilitated the fabrication of nano fibers providing an electrical conductivity in the polymer by the effect of ionic groups. 122 and can exhibit lower melting points will be an ideal possibility for gas sensor developments.
Photo-responsive ILs
Task Specific Approach for IL Sensing
The interplay of physical forces and interactions between ILs and gases results in many sensor applications as described earlier, however, the most important limitations in this regard can be the sensitivity and selectivity. The improvement in sensitivity can be brought by increasing the solvation power of the ILs which has recently been proposed with the use of task specific ILs which can take up higher concentrations of simple gases, such as CO 2 ,SO 2 , H 2 and O 2 .
123, 124
Presently, this field of research is expanding because of the need of CO 2 and SO 2 capture and absorption studies for these gases. 125 Davis and co-workers have done the pioneering work in this regard to design a special task-specific IL that can capture CO 2 specifically by chemisorption. 126 The imidazolium cation in this IL contains an amine functionality, which forms a carbamate upon the addition of CO 2 . In this way, a maximum CO 2 uptake of 0. 
IL Gas Sensors with Multi-Transduction Modes
Despite the availability of such a large library of IL materials and their composites, existing and intended gas sensor applications need more sophisticated methodologies to overcome the posed complications in gas sensing. For example, a gas sensor system can be calibrated to quantitate up to three individual gases in the mixture with the interferents using the available transducers and methodologies. Starting from this calibrated state, the quality of the performance degrades due to: i) the presence of analytes and interferents above the calibrated levels; ii) temperature fluctuations; iii) contamination and poisoning of the sensor surface; iv) moisture or mechanical damage; and v) ageing of the sensing material and transducer. All these end-user factors results into poor selectivity and reversibility of the sensor responses which are often conflicting to each other. Full reversibility is only achievable by using weak interactions of the film while the selectivity/specificity comes from the stronger interactions. In order to address this problem, either the design of new sensing materials or the development of sensor arrays is the direction to look for. However, more recently, the development of multi-transducer sensor and sensor arrays is gaining importance. Examples of such hyphenated devices are shown in Figure 14 and include chemiresistor-capacitor, cantilever-capacitor-calorimeter, 129 electrochemical-QCM, 68, 130 optical-QCM, 131 FET-QCM 132 , and opto-electronic sensors. 133 Even the multiparameter detections were also demonstrated within the same transduction principle (e.g., capacitance-resistance) 134, 135 and by using FET-temperature programmed sensors.
136 Figure 14 : Examples of multimodal transduction modes for gas sensor development; (A) a single chip microsystem for smart gas sensing using mass sensitive calorimetric and capacitive measurements simultaneously, (B) a sensor design utilizing QCM and field effect transistor (FET) approach, and (C) and integrated electrochemical QCM for simultaneous EIS and mass sensing measurements. (Ref 129, 132 ) A critical limitation in this regard is the sensing material that is capable of being used for the multiple transducers applied for the sensor system. The diverse nature and properties of ILs is a special gift in this regards, as it can be exploited for this multi-sensing approach. Electrochemical quartz crystal microbalance (EQCM) is a powerful analytical technique to demonstrate this potential, as IL can be used as an electrolyte and the sensing film at the same time. Figure 12 shows an integrated EQCM electrode fabricated on a monolithic quartz wafer. AT-cut quartz crystals oscillating in a shear thickness mode exhibit extraordinary high sensitivity to potentialinduced changes in the mass at electrode-electrolyte interface via the change of its resonance frequency. In addition to that, the monitoring of the mechanical state of the viscoelastic coatings at quartz crystal electrode via a change in their shear storage and loss modulus is possible. Thus, its dynamic capability allows for the real-time monitoring of minute mass changes during electrochemical reactions in ILs and the accompanying viscoelastic changes. 137 Thus, a QCM used with electrochemistry methods such as EIS and CV allows real time in-situ mass changes in the nanogram range during the electrochemical perturbation of the electrode solution interfaces. A linear response (current vs. concentration) was observed at concentrations of 30 pM to 6 nM TNT and the sensor was capable of detecting extremely low levels of TNT within 1-2 minutes.
Thus it can be shown that the IL materials are capable to bring plentiful new innovation in sensor technology by this hyphenation approach.
Concluding Remarks and Future Directions
By synergistically utilizing IL interface as well as molecular design and control of IL composites, many sensing platforms have been demonstrated enabling multiple gas detections with multiple modes detection principles, addressing many gas sensing challenges, especially the sensitivity, selectivity, and reproducibility for real world scenarios. In terms of resolution, however, these sensors are not competitive against high-end laboratory instruments (e.g., a
GCxGC instrument equipped with TOF-MS can detect ~1300 volatiles in breath at signal/noise resolution of ~100. Even the field deployable and micro versions of these instruments (e.g., a cell phone sized gas analyzer can detect and quantify ~10 volatiles at ppb level) are establishing themselves in this competition due to their power requirements similar to packaged sensor systems, and due to the advances in miniaturization of these instruments. Thus, the conventional arguments of low cost, low power and small size in favor of the sensors are not so compelling.
However, a number of clear advantages (e.g., the smallness which allow wearable sensors to be developed; the mobility which allow continuous measurements performed by the sensor in comparison to periodic measurements done by the instruments; the ability to design wireless sensors thereby enabling continuous tracking of gas emission, interpret sensing data in real time, and provide in-situ alerts and control services for a broad range of applications; low costs which allows the disposable and wireless sensors to be developed for the harsh environments by exposing only the detection part to the harsh environments and keeping the readout as well as the operating personnel protected from that environment; and the overall capability to address the new and emerging sensor markets utilizing so developed wearable and disposable sensors even by the non-technical users) are holding us and other proponents of gas sensor technology to continue advocating for it. However, in order to keep doing this, there is a critical need for innovative approaches and to identify and analyze the failure factors in each and every practical sensor development. For this purpose, three aspects of the sensor development should especially be focused: i) sensing materials should be developed based on new design concepts and new fabrication principles; ii) a proper selection and possibly the proper combinations of transduction principles should be favored to obtain best response parameters and to suppress the interference;
and iii) signal processing should be reinforced to move towards complex signal resolutions from real life data.
Specifically for the IL sensors, many fundamental aspects of the physical chemistry and electrochemistry remain to be thoroughly explained, before they can promise to further improve the potential of their gas sensing applications. For example, the fundamental electrochemical 
